We investigated the effect of the antitumor drug bleomycin (BLM) on synovial membrane and periarticular deep dermis in 10-wkold young adult rats. BLM was found to induce edema, mononuclear cell infiltration and necrosis of the synovial membrane in the knee and tarsal joint, and inflammation in the deep dermis of the plantar hindfoot and digital pulvini in these rats after subcutaneous administration of 20 mg/kg for 3 days. After a 4-wk recovery period, foci of degenerative collagen bundles were observed in the deep dermis of the plantar hindfoot in spite of complete recovery of the lesions in the other dermal and synovial membrane sites. The synovitis was determined to begin with vesiculation of the macrophage-type lining cells, followed by edema and cell infiltration, especially near ligament insertion sites in the knee joint. The early dermal lesion consisted of dissociation of endothelial and subendothelial cells in small blood vessels thought to be postcapillary venules, edema, and monocyte infiltration. The severity of arthritis was greater in young adults than juvenile rats. From these results, BLM was shown to have a toxic effect on synovial lining cells and to induce inflammation in the synovial membrane and periarticular dermis.
INTRODUCTION
Bleomycin (BLM), a mixture of glycopeptides, has been clinically used in chemotherapy for squamous cell carcinoma, malignant lymphoma, and testicular teratoma, mainly in combination with other antitumor drugs (9) . With regard to the mechanisms of the drug's cytotoxicity and antitumor effects, it is widely accepted that BLM simultaneously binds to DNA and Fe(II) (22) , which in the presence of molecular oxygen leads to the release of a reactive oxygen species, hydroxyl radicals (17) , and finally results in DNA damage and oxidation of Fe(II). Although BLM has minimal hematotoxicity, gastrointestinal toxicity, and immunosuppressive effect, its major toxicity, interstitial pneumonitis leading to pulmonary fibrosis, is the dose-limiting factor (1, 5) . Pulmonary fibrosis has also been produced in monkeys, rats, mice, and pheasants (23) , and its mechanisms have been extensively examined. Concerning BLM-induced pulmonary inflammation, the contribution of phospholipase A2 (PLA2), tumor necrosis factor (TNF), interleukin-1 (IL-1), monocyte chemoattractant protein (MCP-1), and plasma fibronectin has been demonstrated (10, 18, 21, 29) , but the correlation of these factors are not clarified.
Among other toxicities in humans, cutaneous toxicity including hyperpigmentation, alopecia, sclerosis, gangrene, edema, and fibrosis has been reported at higher incidence (14) . BLM has been reported to be concentrated in the lung and skin due to the lower activity of the BLM-inactivating enzyme in these tissues (15, 28) . Thus, these 2 tissues are thought to be predisposed to BLM toxicity.
We have been investigating the effect of BLM on chondrotoxicity associated with quinolone antibacterial drugs. The chondrotoxicity is characterized by cavitation and erosion of the articular cartilage in juvenile, but not adult, rats (26) . In these studies, BLM was found to induce synovitis and inflammation in the periarticular deep dermis, and to the best of our knowledge, these have not been reported to date. In the present study, therefore, we investigated the histopathology of these lesions in adult rats. We also examined the development of lesions in juvenile rats and compared susceptibility to synovitis between adult and juvenile rats because BLM could be administered to children.
METHODS
Male Sprague-Dawley rats (Charles River Japan, Inc.) were housed 2 or 3/wire mesh cage in a climate-controlled room (temperature, 23 ± 2°C; humidity, 55 ± 15%; light cycle, 12 hr/day). They were allowed free access to commercial laboratory chow (F-2, Funabashi Farm, Japan) during the experimental period. Forty-three and 20 rats were used at 4 wk (90.8-116.3 g body weight [BW] ) and 10 wk of age (337.5-403.9 g BW), respectively. The group composition for the present study is shown in Table I. BLM hydrochloride (Nippon Kayaku Co., Ltd., Japan) was dissolved in saline, sterilized with a membrane filter (pore size, 0.22 ~,m), and injected in the dorsal lumbar subcutis. The BLM dosage of 20 mg/kg was administered to 10-wk-old rats once daily for 3 days, and after the 3day treatment period, half were maintained untreated during a 4-wk recovery period. The control animals received saline alone. Four-week-old animals were given BLM at a dose of either 5 or 20 mg/kg once, or for 2 or 3 days. The animals were sacrificed by exsanguination from the carotid artery under ether anesthesia on the day after the For electron microscopy, 4-wk-old animals were given BLM 20 mg/kg for 1 or 2 days. Under anesthesia by intraperitoneal injection of sodium pentobarbital, these animals were perfused with heparinized saline, followed by 0.2 M phosphate buffer solution (pH 7.4) containing 1% paraformaldehyde and 1.25% glutaraldehyde. The synovial membrane linking the patella and tibia in the knee joint and the plantar skin of the hindfoot were removed, placed in 3% glutaraldehyde, postfixed in 2% OS04 in phosphate buffer solution, and embedded in Epoxy resin. Control animals also underwent the above procedures after a single injection of saline. Ultrathin sections were stained with lead citrate and uranyl acetate and examined under an electron microscope (H-5000, Hitachi, Japan).
RESULTS

Changes in 10-Wk-Old Rats
Histological findings in rats 10 wk of age after injection of BLM 20 mg/kg for 3 consecutive days were as follows.
Knee Joint. All animals showed edema and infiltration by mononuclear cells and neutrophils of the synovial membrane from the anterior aspect of the knee joint, mainly in the portion between the patella and tibia. This cell infiltrate was focal in mild cases and extensive involving almost all areas in severe cases. In the latter cases, these changes were associated with eosinophilic amorphous material in the joint space, which were thought to be desquamated after focal necrosis of the membrane (Fig. 1 ). In a few cases, the synovial membrane showed a multilayer arrangement and desquamation of lining cells between the patella and femur. These changes were also seen in the synovial membrane linking the femur and tibia at the caudal side of the joint. The edema and cell infiltration were particularly apparent in synovial membrane close to the femoral or tibial surface, meniscus, and insertion site of the cruciate ligament. Re-FIG. Knee joint of a 10-wk-old rat given repeated subcutaneous injections of BLM at 20 mg/kg for 3 days. Marked cell infiltration and edema are seen in the synovial membrane and amorphous material in the joint space (F = femur; T = tibia; M = meniscus). H&E.
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flecting the above changes in synovial membrane, cells including some neutrophils and eosinophilic amorphous material were observed at mild or moderate severity in the joint space in all animals; in particular, the space in the upper portion between the patella and femur was dilated and contained more cells and amorphous material.
Tarsal Joint. Mild synovitis was seen in 4 animals, consisting of foci of edema and mononuclear cell infiltration, either multilayer arrangement or focal loss of lining cells and appearance of cells and amorphous material in the joint space.
Dermis of Plantar Hindfoot. Moderate edema and mononuclear cell infiltration were seen in all animals, mainly in the dermis along the Achilles tendon and muscle and also in the connective tissue between the tendon and tarsal bone in the hindfoot (Fig. 2 ). The inflammatory lesions included many eosinophilic fragments which were intermingled with infiltrating cells. These fragments were thought to be derived from degraded collagen bundles.
Digital Pulvini of Forefoot. Moderate inflammation consisting of the same elements as those in the hindfoot dermis was observed in connective tissue beneath the phalangeal joints at the deep portion of the digital pulvini.
Recovery of Changes. All of the above changes had disappeared by the end of the 4-wk recovery period. However, the deep dermis of the plantar skin of the hindfoot showed foci of abnormal collagen bundles without nuclei running irregularly and appearing dark red and homogeneous in all animals (Fig. 3 ).
Changes in 4-Wk-Old Rats
Histological findings in 4-wk-old rats sacrificed on the day after injection of BLM at 5 or 20 mg/kg for 1, 2, or 3 days were as follows.
Knee Joint, 5 mglkg (Table II) . After 1 and 2 Injections : In synovial membrane linking the patella and tibia, a focus of mildly vesiculated lining cells was observed in 1 animal each after 1 and 2 injections, with some cells protruding into the joint space. After 3 Injections: In addition to the changes in the previous groups, mild multilayered arrangement of lining cells was seen in 1 animal. In another animal, many lin- ing cells were desquamated, and there was a mononuclear cell infiltrate in the synovial membrane. In other sites, foci of edema, mononuclear cell infiltration, and an increased number of fibroblasts associated with the loss of lining cells were seen. These foci also contained a small number of neutrophils. Eosinophilic material, with or without cells and appearing granular or fibrillar, was seen in the surface synovial membrane, and similar material was also seen in the joint space. Knee Joint, 20 mglkg (Table II) . Changes induced by 20 mg/kg were similar to those by 5 mg/kg, but appeared earlier with higher severity and incidence (Fig. 4) .
Tarsal Joint. BLM at 20 but not 5 mg/kg induced similar changes in the tarsal joint to those seen in the knee joint.
Dermis of Plantar Hindfoot. Edema with mononuclear cell infiltration was observed along the Achilles tendon and muscle below the tarsal bones in the deep dermis of the plantar skin of the hindfoot (Fig. 5 ). These were seen in 1 and 5 animals after 1 and 3 injections of BLM 5 mg/kg, respectively. In the 20 mg/kg group, all animals showed these inflammatory lesions after 1, 2, and 3 injections. Severity was increased as the injections progressed, with the lesions expanding into the middle layer of the dermis, the connective tissue between the basal Achilles tendon and tarsal bone, and the dermis in the caudal portion of the ankle. After 3 injections, fragmen-TABLE II.-Comparison of synovitis in the knee joint of 4and 10-wk-old rats sacrificed on the day after last 5 or 20 mg/kg subcutaneous injection of BLM for 1, 2, or 3 days. tation of collagen bundles was apparent. In the later stage a small number of neutrophils, in addition to mononuclear cells, were seen in the inflammatory areas. Digital Pulvini of Forefoot. Inflammation was seen in the connective tissue below the phalangeal joints, namely the deep dermis of the digital pulvini, after 3 injections of BLM at 5 or 20 mg/kg. Ultrastructure. Macrophage-type lining cells of the synovial membrane between the patella and tibia were found to be vacuolated after a single injection of BLM at 20 mg/kg (Fig. 6 ), as compared to these cells in control animals. These cells appeared to increase in number and many were desquamated into the joint space. There was no change in capillaries under the lining cells.
After a single injection, occasional monocytes and neutrophils were seen in the lumen of small blood vessels in the deep dermis of the plantar skin of the hindfoot. These blood vessels, having a layer of subendothelial cells, were thought to be postcapillary venules. The endothelial cells of these vessels were enlarged and irregularly shaped, and protruded into the lumen. The endothelial and subendothelial cells were dissociated from each other, with fragmentation of the cytoplasm (Fig. 7) . Outside blood vessels, numerous mononuclear cells, including small to large macrophages, were seen on the background of small spaces, sparsely distributed collagen fibrils, and small granular material, which appeared to be edema. Fibroblasts seemed to increase in number, and some were enlarged and round in shape or binucleated. After 2 injections, the numbers of macrophages with markedly developed pseudopodia, fibroblasts with vacuoles, and small dense cell fragments increased. There was no change in mast cells during the course of the experiment. 
Comparison
The synovitis in the knee joint between animals of 4 and 10 wk showed that this change was less severe in the former than in the latter (Table II) . However, lesions in the other joints and dermis were of similar severity.
DISCUSSION
In the present study, BLM was found to induce synovitis in the knee and tarsal joints and inflammation in the periarticular deep dermis in young adult and juvenile (10 and 4 wk) rats. On examination of the course of these changes, the early change in synovitis was vesiculation of synovial lining cells, followed by multilayer arrangement and desquamation. Inflammatory reactions, including edema and mononuclear cell infiltration, were subsequently observed in the synovial membrane. In severe cases, focal necrosis was seen. In periarticular connective tissue of the deep dermis (the plantar skin of the hindfoot and digital pulvini of the forefoot), the inflammatory reaction consisted of the same elements as that in synovial membrane. Inflammation in the synovial membrane was particularly apparent in the portions close to ligament insertion sites, menisci and epiphyses, suggesting that connective tissue components surrounding the bone and ligament play some role in triggering inflammation, as was seen in the dermal changes. Neutrophils were seen in both the synovial membrane and periarticular dermis at the later stage. In rats, Freund's complete adjuvant has been known to induce arthritis characterized by lympho-cyte infiltration in the synovial membrane at the early stage, and N-acetylmuramyl-L-alanyl-D-isoglutamine-Lys(L18)-induced arthritis was characterized by neutrophil infiltration (25) . BLM-induced arthritis was shown to be different from these lesions.
Early pulmonary injury induced by BLM is characterized histologically by perivascular edema and capillary congestion. In the acute phase, alveolar macrophages were shown to increase in size and density, suggesting their activation (2, 7, 13) . Swelling and necrosis of endothelial cells were also reported in this phase (3) . Inflammatory cell infiltration subsequently appeared in the alveolar walls and spaces (8, 11, 27) . Mononuclear cells observed in BLM-induced pulmonary injury consist mainly of macrophages (10) and are considered pivotal in the pathogenesis of the lung injury and subsequent fibrosis (4).
On the basis of comparison with these reported early pulmonary changes, the edema and mononuclear cell infiltration observed in the periarticular dermis in the present study are thought to be similar to the pulmonary BLM-induced changes. In synovial membrane, lining cells confirmed by electron microscopy to be macrophage type are speculated to be the initial target of BLM. In the BLM, the relation between this target and subsequent cell reactions, and mediators involved in these reactions should be examined in further studies.
PLA, has been proposed to play a role in the pulmonary lesions (29) in BLM-induced inflammation. With regard to other inflammatory mediators involved in acute alveolar damage, increased production of TNF and IL-1 I by macrophages has been considered, and TNF was also reported to cause necrosis of vascular endothelial cells and alveolar epithelial cells after intravenous injection (10, 18) . Sakanashi et al (21) demonstrated that MCP-1 I was produced in alveolar and interstitial macrophages and polymorphonuclear leukocytes shortly after intratracheal instillation of BLM in rats. They considered that MCP-1 induced infiltration of circulating monocytes, and infiltrated exudate macrophages produced further MCP-1 I to enhance subsequent accumulation of macrophages. Furthermore, one of the early events in protein influx from circulation after BLM administration was accumulation of plasma fibronectin, which may act as a chemoattractant for monocytes (16) or fibroblasts (19) . Platelet-activating factor (PAF) was also shown to partially contribute to the acute inflammatory reaction seen after intratracheal administration of BLM to rats (6) . PAF is known to induce pulmonary endothelial damage and microvascular leakage (12) . As mentioned above, many kinds of mediators have been shown to be involved in BLM-induced alveolar lesions. Macrophages are a source of TNF and MCP-1 and endothelial cells of prostacycline and MCP-1 (20, 24, 30) . The possibility therefore exists that inflammation of synovial membrane and periarticular dermal connective tissue in the present rats arose through the triggering of macrophages and/or capillary endothelial cells by BLM to release various mediators.
Susceptibility to BLM-induced arthritis was somewhat higher in young adult rats than in juveniles. The reason for this difference is unclear, but functional differences among macrophages and/or endothelial cells or age-dependent differences in the amount of inflammatory mediators released may be involved. With 3-day repeated administration of BLM to 10-wkold rats, deposition of abnormal collagen bundles was seen in the dermis of the plantar skin of the hindfoot, corresponding to the early inflammatory site, even after a 4-wk recovery period . This may be degeneration of collagen produced in excess during or shortly after acute inflammation or may be production of abnormal collagen by fibroblasts injured by BLM.
This study is the first to demonstrate that BLM induced inflammation in the synovial membrane and periarticular dermis of rats. Juvenile rats were demonstrated to be less susceptible to the arthritis-inducing effect of BLM than young adult rats. Moreover, the acute inflammation of the periarticular dermis induced the deposition of abnormal collagen after completion of dosing in young adult rats, and this may reflect the BLM-induced cutaneous lesions in humans.
